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Décollement tectonics in the Jura foreland fold-and-thrust belt
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Abstract

Interpretation of more than 1500 km of industry seismic reflection lines from the Swiss and French Jura Mountains and the
western Swiss Molasse Basin demonstrates that the Mesozoic and Cenozoic cover of the Jura fold-and-thrust belt has been deformed
over a very weak basal décollement and displaced for many kilometers toward the NW, and that the basement is not involved. A
depth to the basement map derived from depth conversion of the seismic lines, shows a rather smooth flat basement dipping 1-3 to
the S--SE. The low-amplitude broad folds of the Molasse Basin and the external Plateau Jura are controlled by evaporite pillows or
anticlines of Middle Triassic age. The high amplitude folds of the Haute Chaine Jura, however, are related to NW- or SE-vergent
thrusts with at least kilometric dipslip displacement that has doubled the entire Jurassic sequence.

The Plateau Jura evaporite-related folds, located in the foreland, are interpreted as early-stage buckle folds. With further
deformation, a fault ramp nucleates and develops into thrust-related folds as observed in the Haute Chaine. Thus, within the fold-
and-thrust belt, deformation increases toward the hinterland. In the Molasse Basin, however, low-amplitude folds represent an early
deformation stage which could not develop further owing to the load of the overlying thick Tertiary clastic wedge.

Keywords: Jura belt; Seismic structures; Décollement tectonics; Evaporite- and thrust-related folds

1. Introduction

This research presents the geometry of the cover folds
and their relation with the basement within the central
Swiss and French Jura and the adjacent Molasse Basin
(Figs. 1 and 2). More than 1500 km of industry seismic
reflection lines (Fig. 5) add to the surface geological
observations accumulated over a century by field geol-
ogists. The seismic grid is also constrained by several drill
holes. These new data have greatly increased knowledge
about the deep structures of the Jura area and have con-
strained models for the formation of the Alpine foreland
and Jura arc. The Mesozoic and Cenozoic cover of the
Jura fold-and-thrust belt and the adjacent Molasse Basin
have been deformed over a weak basal décollement and
displaced by some 20 km and more toward the northwest.

However, the development of the Jura belt is still a
matter of debate between two fundamentally different
views (Fig. 4): on the one hand, an autochtonous folding
of the Jura cover above either basement thrust faults or
wrench faults (Aubert, 1945; Pavoni, 1961; Rigassi, 1962;
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Fig. 1. Location of the Jura arc with respect to the major Cenozoic
sedimentary basins (Rhine-Bresse grabens, Molasse Basin, Po Plain)
and the Alps. Late Alpine culminations and external crystalline massifs
are highlighted in dark gray. AR = Aiguilles Massif; MB=Mont Blanc
Massif. Modified from Burkhard and Sommaruga (1998).
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Fig. 2. Tectonic sketch of the Jura arc showing main structural units. Legend: PHS =Plateau de Haute-Sadne; IC=1le Crémicu; AM = Avants-
Monts; Fe = Ferrette; AR = Aiguilles Rouges; MB=Mont Blanc. Modified from Sommaruga (1995).

Wegmann, 1963; Ziegler, 1982) and, on the other hand,
thin skinned thrusting and associated folding of the Jura
cover above a Triassic detachment horizon and dis-
placement over large horizontal distances pushed from
the Alps across the Molasse Basin (‘Fernschub theory’)
(Boyer & Elliott, 1982; Buxtorf, 1916; Laubscher, 1973b).
Although balancing arguments clearly favor an allo-
chthonous interpretation, seismic data as well as neo-
tectonic arguments have recently been used to support
some thick-skinned basement involvement beneath the

Jura and the Molasse Basin (Ziegler, 1982; Guellec et al.,
1990; Gorin et al., 1993; Pfiffner, 1994; Signer & Gorin,
1995; Pfiffner et al., 1997). For a more complete review
on the evolution of the ideas on the formation of the Jura
belt, see Sommaruga (1997).

2. Geological setting

The Jura is a small, arcuate fold belt forming the fron-
tal portion of the western Alpine arc (Fig. 1). The Jura
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"Fernschub”
Buxtorf 1816

crystalline massif
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Neugebauer et al. 1980
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Fig. 4. Conceptual models on the formation of the Jura fold-and-thrust belt and its links to the Alps (external crystalline massifs). Modified from

Burkhard (1990).

arc is surrounded by Tertiary basins of different types: to
the north, the Rhine Graben; to the west, the Bresse
Graben: and to the south-southeast, the Molasse Basin.
The Rhine and Bresse Grabens are associated with the
Eocene and younger, West-European rift system,
whereas the Molasse Basin corresponds to an Oligo-
Miocene foredeep, which developed in front of the Alpine
orogen. The Jura and the Molasse Basin represent the
most external foreland fold-and-thrust belt and the youn-
gest (from Middle Miocene onward) deformation zone
of the northwestern Alps. At its southern termination,
the Jura belt merges with the Subalpine Chains, which
were folded during the same period. Along its western
border, the Jura over-thrusts the Bresse Graben, whereas
in the north, it overrides the Tabular Jura. At its eastern
end, the most remote Jura fold dies out within the Mol-
asse Basin. According to Burkhard (1990) and Laubscher

(1992), tectonics of the Jura belt and the Molasse Basin
are intimately linked.

2.1. The Jura

The Jura is divided into an external and an internal
part (Fig. 2) based on different tectonic styles. The exter-
nal Jura consists of flat areas, Plateaux, limited to the
north and separated from each other by so called Fais-
ceaux, narrow stripes comprising numerous small-scale
imbrications and tear faults (Fig. 3a). The internal Jura,
also referred to as the Haute Chaine Jura (Fig. 3b), con-
sists of a well-developed fold train. At a large scale, defor-
mation is characterized by major folds, the trend of which
swings through 90" from east to south (Fig. 2). Major
tear faults oriented at a high angle to fold axes cut the
Haute Chaine Jura at regular intervals.
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Fig. 5. Seismic data used in this work. Location of the various sectors: A =Neuchitel and Vaud Jura. B=Molasse Basin. C=Mt-Risoux Jura.
D =Champagnole-Mouthe Jura. Legend for drill holes: Chl=Chapelle; Cua=Cuarny; Ess=Essertines; Her=Hermrigen; Tre=Treycovagnes;
Val = Valempouliéres. Industry seismic reflection surveys were conducted in the study area between 1970 and 1988 by different companies: British
Petroleum (sector A). Shell Switzerland (sectors B and C), Société anonyme des Hydrocarbures (sector B) and Shelirex (sector D).

2.2. The Molasse Basin

The clastic wedge of the Cenozoic Molasse Basin, pre-
sently considered a foreland basin (Price, 1973; Dick-
inson, 1974), is subdivided into three geological units, the
Jura Molasse, the Plateau Molasse and the Subalpine
Molasse (Homewood et al., 1989). The Jura Molasse
represents the northern feather edge of the Molasse Basin
that has been passively involved in Jura folding and
thrusting. Only isolated patches of Molasse are preserved
within major synclines of the internal Jura. The Plateau
Molasse represents the major part of the Molasse Basin.
The structures consist of broad anticlines oriented NE-
SW and tear faults trending N-S, NW-SE and WNW-
ESE. The northern limit of the Plateau Molasse cor-
responds to an erosional limit along the most internal,
high amplitude folds of the Jura belt. The Subalpine
Molasse is a narrow zone along the southern border of

the Molasse Basin (Figs. 2 and 3). This zone is char-
acterized by a stack of thrust sheets of Tertiary sediments,
detached along a décollement zone located within these
Cenozoic layers (Trimpy, 1980). The southern limit of
this zone corresponds to the Oligocene Alpine front rep-
resented by the Alpine nappe stack (Prealps, Helvetic
nappes, etc.) which overthrusts the Molasse sediments.

3. Stratigraphy
3.1. Regional overview

The Jura and the Molasse Basin consist of Mesozoic
and Cenozoic sediments (Fig. 6) that are folded at vari-
able degrees and which are detached from the pre-Triassic
basement. The crystalline basement is nowhere exposed
in the Jura and Molasse Basin. Basement in all of Swit-
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and Sommaruga (1998).

zerland is composed of medium-to-high-grade meta-
morphic and plutonic rocks that were deformed during
the Hercynian orogeny. The end of this orogeny is
marked by the formation of narrow elongate grabens
filled with Carboniferous and Permian lacustrine and

fluvial series, including important Carboniferous coal
measures and rare volcanic rocks. Coal seams result from
burial of this organic matter (luxuriant continental veg-
etation). Although some of these E-W striking grabens
are well known from drill holes (e.g., Lons-le-Saunier
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basin located at the western edge of the Jura and the
one located in the eastern Swiss Jura, Fig. 1) and from
adjacent basement massifs, many more are still to be
drilled below the Jura and Molasse where they were
poorly imaged at present (Fig. 8). The basement is there-
fore characterized by two major unconformities: one
below the Carboniferous sediments and a second below
the Triassic rocks.

The Alpine cycle sensu lato started with peneplanation
and a subsequent transgression in the Early Triassic and
after the Jurassic time, the Jura and Molasse Basin realm
became part of the Alpine Tethys passive margin. During
the Triassic, up to 1 km of evaporites and shales accumu-
lated in an elliptical depo-center in the area of the future
Jura arc (Fig. 9). Limestones of Dogger and Malm age
form the backbone of folds and crop out in the eastern
and central Jura, whereas Lower Cretaceous limestones
form the crests of the western Jura anticlines. During the
Oligocene and Miocene, fluvial, lacustrine and marine

clastic Molasse sediments were deposited in the Alpine
foredeep. They progressively onlap the underlying Meso-
zoic rocks toward the northwest. This basal Tertiary
unconformity (Fig. 6) is the only obvious unconformity
on our seismic lines. The thickness of this Tertiary wedge
decreases from south (up to 4km) to north (a few hun-
dred meters). These series crop out mainly within the
Molasse Basin but are also partially preserved in the
Jura synclines. For more details on the evolution of the
northwestern foreland, see discussions in Ziegler et al.
(1996) and Burkhard and Sommaruga (1998).

Thanks to the good quality of the seismic lines, it has
been possible to constrain the deep stratigraphy, which
is especially important for Triassic layers that are not
exposed in the studied area. The total thickness of the
Mesozoic layers below the Neuchitel Jura from top Cre-
taceous to the base of Triassic Unit 2 appears to be about
2000 m with an estimated uncertainty of about 4200 m.
Jurassic layers thicken progressively from Neuchadtel
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towards the southwest (Geneva) and decrease slightly
toward the northwest (Besangon).

3.2. Oil occurrences

According to Bitterli (1972), Otto (1994) and Ziegler
et al. (1996), major source rocks in the Jura belt and the
western Molasse Basin are (Fig. 6): Stephanian and Early
Permian lacustrine series including meter-thick coal mea-
sures contained in wrench-induced grabens; Triassic and
Liassic organic shales (Lettenkohle, Posidonia- and Opa-
linum- shale), which are mature for oil generation under
the Molasse Basin; Early Oligocene Flysch (Meletta
shale). The latter is restricted to the internal border (S—
SE) of the Molasse Basin. All these series reached the oil-
or gas window (at the Alpine front) during Middle to
Late Miocene in response to burial by the Molasse wedge.
Little is known about the precise relative timing of hydro-
carbon generation, migration and deformation of the
Molasse Basin and Jura fold-and-thrust belt. However,
the asphalt deposits from the Neuchdtel Jura (Meia,
1987) of which the source beds are still unknown, indicate
that the asphalt must have migrated before the defor-
mation of the Jura (Zweidler, 1985).

Proven reservoirs occur within the Lower Triassic
Buntsandstein and Middle Triassic carbonate series
sealed by Upper Triassic evaporites and shales. Jurassic
reservoir rocks include Malm reefs, and various oolite-
series (Malm and Dogger ages). In the Haute Chaine
Jura, however, the latter have negligible cover and
insufficient seals which may explain the widespread
occurrence of seeps and asphalt deposits along the Jura/
Molasse Basin border. Potential, non-explored reservoirs
are related to sub-salt Triassic series, charged by Permo-
Carboniferous source rocks and to Mesozoic carbonates
and sands, charged by Early Jurassic sources rocks and
sealed by basal Oligocene marine shales (Ziegler et al.,
1996).

3.3. Seismiic units

Seismic units correlated in this work do not represent
sequences as defined by Mitchum and Vail (1977). Our
seismic data are not sufficiently differentiated to allow
for sequence stratigraphic interpretation. As used here, a
seismic unit is sandwiched between two strong con-
tinuous reflectors, corresponding to major impedance
(lithologic) changes, .i.e., marl/limestone or shale/
limestone (labeled from A to I, Fig. 7). Based also on
wells, seismic stratigraphic units have been identified and
correlated through the whole seismic grid jumping from
one limit to another. Strike profiles, mainly shot in
synclines, are good to excellent and show subparaliel
reflectors that are most useful for the stratigraphic
interpretation (e.g., Fig. 15). Dip profiles are less con-
tinuous, owing to steep to vertical dips, complicated

9

structures and rugged topography (e.g., Fig. 14). This
research highlights especially the Triassic Units, because
they are a key to understand the Jura fold belt devel-
opment. The Triassic Unit 1, as defined on seismic lines,
has a fairly constant thickness around 200 m, whereas the
Triassic Unit 2 interval varies in thickness and commonly
has oblique reflectors on the seismic lines (e.g., Fig. 7).
These oblique reflectors could be interpreted as tectonic
structures (see discussion on structure examples) just
above the main décollement horizon. Thickness changes
within the Triassic Unit 2 are presented on an isopach
map (Fig. 10), which correspond to the depth-converted
interval from reflector H to I. The thickness varies con-
siderably and ranges from 3001200 m. In addition to a
general trend of thickening towards the NW, the isopach
map shows a conspicuous series of lows and highs, on a
10-km wavelength with a strong NE-SW trend, parallel
to the Jura folds further to the north. The highs are
interpreted in terms of stacks of evaporites, clays and
salt, that developed during the deformation of the Jura
and Molasse Basin. In contrast, the thickness of Triassic
Unit 1 ranges from 400-200 m, decreasing progressively
toward the ESE.

During the Triassic, more than 1000 m of sediments
accumulated in the area of the future Jura arc. In contrast
some 60 km further south in the North Helvetic domain
(Fig. 6), less than 50 m of sediments were deposited in
the same time span. Despite this considerable lateral vari-
ation, no evidence for synsedimentary faults has been
detected. Important lateral thickness variations in the
Triassic on the scale of about 10km are related to
Miocene deformation and material redistribution within
this weak layer, which served as the major décollement
horizon for Jura tectonics.

4. Structures

On a large scale the Jura arc shows all characteristic
features of a foreland fold-and-thrust belt that developed
above a weak basal décollement (Davis & Engelder, 1985;
Rodgers, 1990; Laubscher, 1992). These features include
the arcuate outward convex shape, folds, thrusts and
tear faults, that are all kinematically compatible with a
tectonic transport in a general NW direction. Surface
observations, and especially seismic subsurface data, dis-
play two different types of folds: evaporite-related folds
and thrust-related folds. The Molasse Basin and the
external Plateau Jura present broad, long-wavelength,
low-amplitude folds cored by Triassic evaporites; by con-
trast, the Haute Chaine Jura is characterized by high-
amplitude folds which formed above thrust faults step-
ping up from the basal Triassic décollement zone.

4.1. Evaporite-related folds

Low-amplitude folds may be difficult to recognize on
geological maps or in the field. The low limb dip and
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relief make these structures inconspicuous. Seismic lines
are more useful in documenting the geometry of this fold
type at depth. Interpretations of seismic lines across the
Plateau Jura and the Molasse Basin, show a series of
broad and gentle anticlines that are controlled by evap-
orite. salt and clay stacks within the ductile Unit 2 of the
Triassic layers. In the scientific literature, this type of
anticline is termed salt anticline or salt welt (Harrison &
Bally, 1988). In this work, we prefer to use the terms
evaporite cored anticline, due to the uncertainty about
the amount of pure salt in the Triassic layers. Con-
ventional diapirs, as first visualized by Trusheim (1960),
are today often interpreted as being of extensional origin
(Vendeville & Jackson, 1992a; 1992b: Jackson & Vend-
eville, 1994). Salt pillows are contractional buckles (Cow-
ard & Stewart, 1995); the evaporites pinch out in the
adjacent synclines and flow into anticlinal evaporite
ridges (Harrison, 1995), as is the case for the Jura.

The Plateau Jura broad fold type is illustrated on the
Section 111 in Fig. 1. This fold displays two long asym-
metric limbs dipping with a very low angle towards the
north and the south respectively. This geometry is illus-
trated by a well-layered series of reflectors in the middle
of the Mesozoic cover series. This apparently tectonically
undisturbed sequence represents the evaporites of
Triassic Unit 1. Beneath this unit are discontinuous
reflectors of Triassic Unit 2. Some of these reflectors
onlap the deepest strong and continuous reflection, which

represents the top of the basement (which may be either
crystalline rocks or Permo-Carboniferous sediments).
The Triassic Unit 2, highlighted in dark gray on Fig. 11,
increases in thickness from NW to SE probably owing to
evaporite stacking. It is the thickest stack of evaporites
ever observed in the central Jura and has moreover been
confirmed by the Laveron drill hole (BRGM, 1964).

In the Molasse Basin, broad anticlines are known from
outcrop geology. Interpreted subsurface data present a
succession of low-amplitude folds, with gently dipping
limbs (Fig. 12 ). Folds with a high degree of symmetry
have been found in the southern region, whereas farther
to the north they are either foreland- (NW) or hinterland-
(SE) verging. The same anticline may also change its
vergence along strike. The geometry of the folds is high-
lighted by a well-layered series of reflectors representing
Cretaceous, Jurassic and Upper Triassic strata. The core
of these folds is filled with thickened Triassic Unit 2 beds;
their geometry is shown in detail on seismic examples of
Fig. 12 (for location of these parts of seismic lines see
Fig. 10). The Triassic isopach map highlights elongated
or elliptical thickening of the Triassic Unit 2 along a NE—
SW trend. The maximum thickening underneath broad
anticlines coincides with the most internal Jura anticlines.
Generally, Unit 2 displays discontinuous reflectors,
which are either flat or oblique, bounded by a basal and
a roof reflector. Figure 12 shows a succession of oblique
reflectors within Triassic Unit 2, which may be inter-
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Fig. 10. Isopach map of the Triassic Unit 2 beds from the western Molasse Basin. Anticline axial traces emphasize thick zones, syncline axial traces
show thin zones. Coordinates in meters are according to the Swiss geographic reference grid. Modified from Sommaruga (1995).

preted as small thrust faults imbricating parts of the unit
(Mitra, 1986; McClay, 1992, duplexes) resulting in its
overall thickening. According to the classification of
Boyer & Elliott (1982), these structures may correspond
to hinterland dipping duplexes within an anticlinal core.
Development of such structures, that contined to the
lower unit just above the basement, caused folding of the
mainly unfaulted overlying layers. The roof thrust of the
duplex is just below reflector H.

True salt flow producing the so-called evaporite anti-
clines is not proven in the Jura fold-and-thrust belt, nor
in the Molasse Basin. The Laveron well log, which shows
more than 300 m of cumulative thickness of several beds

of pure salt of the Triassic Units, is the thickest pillow
(1400 m thick) observed in the studied arca (Fig. 11).
On the seismic line, the reflectors do not highlight any
structural relationship; they may represent changes of
lithology. The thick salt and the absence of structural
features suggest that the thickening within the Triassic
Unit 2 is indeed the result of an accumulation of salt and
evaporite by lateral flow. This flow occurs in a com-
pressional regime and is not to be confused with con-
ventional salt diapirism, which often occurs in an
extensional context. Moreover, these fold cores are not
diapirs, because they have concordant contacts. It is
important to underline, that no salt diapir occurs in the



12
Laveron 8.5km

NW E SE

IHNIIIIIIII INIIHIH I OORELE COERR LT ONELTRROAED SRRTRREROOONETRIROERY ARRRLMLEU OISO SO RMAOIAT AR SonRRnsh RO

A ’Illllll T —————
L :'::"um::mm"ﬂmm.,:f.s,,m:hu::::;::E':;:;;;;;fisi"m"i:::;!’s5%iilf::?!if!i!!i%f’ifi::::!!!!!!!f!ffi!

il i

*"h'iiuuuqu;m.nuuflm i llall‘HU”UlHL,U!!k muul ! e L .
W"{ : E‘E“ 1

\.
m.a

[ |
]

28S |"Q Ul UOISIAIPGNS “08S Ul | ML

—

|
|

l
l

mn FL

||¢mt
bttt

B Triassic Unit 2

Fig. 11. Evaporite-related anticline on the dip seismic Section 111 located in the Plateau Jura (external zone). The interpretation displays a broad
anticline related to thickening of the Triassic Unit 2. Laveron drill hole (projection), which reaches the top of the Early Triassic strata, confirms the
seismic interpretation. Legend for the top of the layers: D=Dogger: G = Triassic Unit 1, H=Triassic Unit 2. For location, see Fig. 13.

Jura belt and the Molasse Basin. This is probably because 4.2. Thrust-related folds

of the scarcity and thinness of pure rock salt layers in

the Triassic series and the lack of early extension or The classic sinusoidal shape of the Jura folds as drawn
differential sedimentary loading. by earlier geologists (Heim, 1921; De Margerie, 1922)
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has been shown to be an oversimplification, not only in
the central, but also in the eastern (Laubscher, 1977)
and western Jura (Philippe, 1994). In most places, at the
surface, a veneer of Quaternary sediments obscures
the critical relationships between strata and thrust
faults. Seismic data have, however, confirmed that some

folds are related to major thrust faults (Figs. 14 and 16).

On many profiles, velocity anomalies correspond to a
small positive deflection of the reflectors beneath anti-
clines (velocity pull-up) and a negative deflection beneath
synclines (velocity pull-down). The dip Section 3 (Fig.
14) and the strike Section 8 (Fig. 15) from the Neuchdtel
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Jura illustrate such anomalies, which disappear on the
depth conversion of these lines. Transverse lines crossing
the Jura, oriented perpendicularly to the fold axes (NW—
SE). allowed the fold geometry to be constrained at
depth. These high-amplitude folds, which are asymmetric
and are related to thrust faults, root in the basal décol-
lement zone within the evaporites of the Triassic Unit 2.
These thrust-related anticlines duplicate the entire Jur-
assic sequence (Figs. 16 and 17). One such duplication in
the Mt-Risoux anticline (Vaud area) has been confirmed
by drill hole (Winnock, 1961). Thrust-related anticlines
are separated by broad or tight synclines. Many thrust
faults are NW (NNW)-verging (Figs. 14, 16 and 17),
like the main thrust system ( foreland-vergent thrust). SE
(SSE)-vergent thrust faults are considered as backthrusts
(hinterland-vergent thrusts). Foreland-vergent thrusts
have at least kilometric dip slip (e.g., Section 11, Fig. 16
or 17) and hinterland-vergent thrusts generally have few
tens or hundreds or meters of displacements. Thrust
faults include both flats and ramps. All mapped foreland-
vergent thrust faults reach the surface, breaking through
the structures in the steep frontal imbs. Anticlines and
synclines in the Risoux Jura have a lateral continuity

over 30km, whereas in the Neuchdtel Jura the lateral
continuity is limited to 10 km.

The foreland-vergent thrust ramps dip between 20- 30
or more, whereas backthrusts in the Neuchatel Jura are
much steeper (+60°). These angles are approximate,
because they are deduced from the seismic time profiles.

Rheological contrasts within the sedimentary mul-
tilayer cover are responsible for the fold-and-thrust geo-
metries. A high strength contrast also cxists between the
very weak Triassic Unit 2 layer and the weak to strong
overlying layers. The Haute Chaine Jura folds were
initiated first as buckle folds in response to the layer-
parallel compression (Fig. 18). These embryonic detach-
ment folds, subsequently developed into fault-propa-
gation folds and fault-bend folds after breakthrough of
thrusts, with further deformation. According to Dixon
and Liu (1992), a similar evolution of folds has been
observed in centrifugal structural models, subjected to
horizontal, layer-parallel compression.

4.2, Tear faults

Some seismic lines cross major tear faults, e.g., the
Pontarlier fault (Fig. 19). These faults are defined here as
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belonging to an allochthonous cover with a transcurrent
movement and terminating into a décollement zone
(Dahlstrom, 1970; Twiss & Moores, 1992). These faults
appear on seismic lines as transparent zone. They affect
the whole Cenzoic and Mesozoic cover but do not show
any offset of the basement top within the seismic resol-
ution. In the Neuchdtel area, seismic data along tear fault
zones of La Tourne and La Ferriére-Vue Alpes (Section
3, Fig. 14) are of poor quality, probably owing to the
presence of an anticline on one side of the faults. There-
fore, these faults are not recognizable on seismic lines.
However, seismic data crossing the southern part of the
major Pontarlier tear fault are of high quality on both
sides of the fault. The tear fault appears to terminate in
the décollement zone of Triassic Unit 2. Accordingly
these previous mappable faults are either tear faults
restricted to the cover or related to lateral ramps. No
evidence for an extension of these faults into the basement
could be found (compare Figs. 10 and 20), though this
possibility cannot be eliminated with the low resolution
of the seismic data at depth.

Tear faults in the Jura are well known from geological
maps (Fig. 2) but can almost as well be recognized on
topographic maps, whether traces appear to be straight
lines or narrow linear depressions even across rugged
topography. In this respect, seismic lines and cross-

sections, do not contribute much to the analysis of strike-
shp tectonics. Strike-slip faults sensu lato are best ana-
lyzed on the horizontal plane of geological or geo-
morphological maps or time slices, which are natural
sections that contain the dominant displacement vector.
In the Jura, a close genetic relationship between folding
and tear faults was postulated by Heim (1915), who noted
the radial arrangement of the tear faults on a map of the
entire Jura arc (Fig. 19). Major, apparently sinistral, tear
faults are oriented NW-SE in the southern Jura, NNW--
SSE to N-S in the central Jura and NNE-SSW in the
eastern Jura. Somewhat shorter, apparently conjugate
dextral tear faults are less common. Folds, thrusts, sin-
istral and dextral tear faults define a set of structures
compatible with a horizontal shortening in a WNW-
ESE, NW-SE, and NNW-SSE direction respectively
(Laubscher, 1972, indenter model).

5. Discussion and conclusions

Depth conversion of all seismic lines has allowed map-
ping of the depth to top basement in the central Jura and
the Molasse Basin (Fig. 20). In the Jura area, a simple
velocity model, attributing a constant velocity to each
major seismic unit has been used. In the Molasse Basin,
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Fig. 17. Fence diagram of dip and strike scismic lines from the Neuchdtel and Vaud Jura, Switzerland. This figure presents the lateral continuity of
a thrust-related anticline. For location, see map in Fig. 13. Modified from Burkhard et al. (1998).

however, more complex depth-dependent conversion
functions from Naef and Diebold (1990) were used in
order to account for increased velocities due to the con-
siderable thickening and facies changes of Tertiary sedi-
ments. The contour map highlights a rather smooth
basement that dips uniformly at 1-3 to the SSE. Depths
from well data (e.g.. Treycovagnes, Laveron, Essavilly,
Valempoulieres) fit to + 200 m, the depths obtained from
depth converted seismic time lines. Discrepancies may
be due to the use of inappropriate seismic velocities,
especially in the weathering layer (Schnegg & Somma-
ruga. 1995). However, seismic velocitics used in this work
are compatible with the overall well information but do
not precisely match individual drill hole data. The trend
of the basement is E-W in the Neuchdtel Jura and NE-
SW or ENE-WSW in the other regions (Risoux, external

Jura and Molasse Bain). The E-W trend of the Neuchatel
Jura differs by an angle of 30" from the orientation of
structures in the Jura fold-and-thrust belt. The major
tear faults (e.g., Pontarlier, La Sarraz) do not show any
significant offset of the basement top. Along these faults,
data are reasonably well constrained in the Molasse Basin
and no major bend is visible. The tear faults are therefore
limited to the sedimentary cover of the Jura. In addition,
evaporite-related folds and thrust-related folds are
floored by subhorizontal layers at their base. Nowhere
in the study area has this basal décollement layer been
disrupted by later thrusts. Any irregularities which exist
in the top of the basement are probably small compared
with the thickness of Triassic Unit 2, which ranges from
100 m to more than 1000 m. On the southeastern edge of
the map (Fig. 20), near the front of the Subalpine



NwW

Jura and Molasse Basin

no scale

Buckling stage

18

SE

Penninic Alps

Tertiary sediments. "

Fig. 18. Conceptual cvolutionary stages of the Jura foreland between 20-15 Ma. This sketch is without scale.

Molasse. the basement dips locally toward the north,
showing an important uplift. This basement high results
cither from an iversion of a Permo-Carboniferous
graben (Gorin et al., 1993) or ¢lse a basement slice. No
reflector appears benecath the supposed basement top, so
it is difficult to interpret the nature of this high.

In the Molasse Basin, the basement top map (Fig. 20)
contrasts significantly with the isopach map of Triassic
Unit 2 (Fig. 10). The changes in thickness along a NE-
SW trend suggest ‘ductile’ deformation within Triassic
Unit 2. The isopach map of both Triassic Units (Fig. 9)
in the Jura and its vicinity has been compiled in order to
examine possible correlation between the distribution of
Triassic strata and the extent of the deformed Jura cover.
A rather good correlation between both may be inferred
from Fig. 9. The thickest regions correspond to the cen-
tral Haute Chaine Jura and to the southern part of the
external Jura. Towards the southwest, several drill holes

have demonstrated the absence of evaporitic layers (Phi-
lippe, 1994; Philippe et al., 1996); Triassic salt pinches out
toward the future Aar massif (Ziegler, 1990). It therefore
appears likely that the existence, as well as the arcuate
shape of the Jura fold-and-thrust belt, is intimately linked
to the presence of Triassic evaporites (Letouzey et al.,
1995).

As described above, the central Jura and the Molasse
Basin display two different types of folds: thrust-related
folds and evaporite-related folds. The first type is located
in the Haute Chaine Jura, whereas the second type is
present in the Plateau Jura at the very front to the nor-
theast of the Haute Chaine Jura folds, and beneath the
Molasse Bain. These two types of folds are respectively
interpreted as evolved and embryonic stages of the late
Miocene cover deformation (Sommaruga, 1997). Folds
are thought to evolve from low-amplitude, apparently
symmetric, buckle folds in response to layer-paraliel com-
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pression (Fig. 18). The very weak evaporite rocks of the
Triassic series infilled the spacc generated at the base of
the sedimentary cover by rising anticlines. The very weak
basal zone thickened in the core of the anticlines, whereas
the strong layers buckled with no change of thickness
(parallel folding). With further deformation, fault ramps
nucleate in the hinge area at the base of the strong layers
in order to accommodate further shortening. Fault ramps
then propagate upward within the stiff layers or bend
within overlying weak or incompetent layers. With fur-
ther transport, the cover may be doubled. as observed in
the present day Haute Chaine Jura folds. The spacing
between adjacent early-stage buckle folds should be large,
since in the Haute Chaine Jura the formation of sub-
sequent folds does not alter the geometry of the adjacent
folds. This tentative explanation of the evolution of
thrust-related folds is based on the observation of various
evolutionary stages across the western Jura fold thrust
belt. Low-amplitude anticlines related to salt welts are
also well illustrated by Harrison and Bally (1988) and
Harrison (1995) on high-quality seismic data from the
Parry Islands Fold Belt (Melville [sland, Canadian
Arctic). The increasing intensity of deformation toward
the hinterland can be viewed as representing evolutionary
stages of deformation and, as a result, gives insight into
the evolution of deformation within large anticlines. In
Melville Island, thrust faults appear to be progressively

younger from bottom to top. In comparison, the Jura
Plateau and the Molasse Basin folds seem to be less
evolved, since no obvious ‘fishtail” wedging is observed
above the salt welts.

Along strike in the Jura belt, we observe fold style
variations: imbricated thrust sheets in the southwestern
area (Philippe et al., 1996), large thrust-related anticlines
in the central part (Laubscher, 1965; Sommaruga, 1997)
and symmetric folds, lift-off-fold or box-fold type in the
northeastern area (Buxtorf, 1916). These changes in
deformation styles (Philippe et al., 1996) are related to
the nature and rheology of the décollement zone (pinch
out of the Keuper salt to the southeast), to the amount
of bulk shortening, to a northeastward decrease in the
thickness of the stiff Late Jurassic layer and a con-
comitant increase of both number and relative proportion
of incompetent layers, Triassic and Aalenian layers.

According to Bally et al. (1966) and critical taper mod-
els (Dahlen et al., 1984), orogenic fold-and-thrust belts
evolve by progressive deformation from the hinterland
to the foreland. If we admit this consideration as a rule,
the southernmost structures of the Jura fold-and-thrust
belt should have formed first, then evolved into the pre-
sent day structures. The northern folds should therefore
represent a later stage of deformation, with less evolved
geometries. The folds beneath the Molasse basin are
located into a more internal position of the Alpine fore-
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grid. Modified from Sommaruga (1995).

land belt and could therefore be expected to be more
evolved than the Jura folds. Molasse folds, however, rep-
resent typically early-stage buckle folds and their Triassic
cores scem to be filled with well-organized evaporite
duplexes (Fig. 12). The most obvious reason for this
apparent contradiction seems to be the load of the Ter-
tiary sediments increasing from north to south, which
prevented the Molasse basin buckle folds from evolving
further into thrust-related folds. With future deformation
and concomitant erosion of the Tertiary wedge sedi-
ments. Molasse basin anticlines could evolve into Jura
folds. The present day taper of the Alpine front would
probably favor a back-stepping thrust sequence with the
most frontal thrust emerging close to the Molasse Bas-
in/Haute Chaine Jura border (Mugnier & Ménard, 1986).

Inversion tectonic structures e.g., partly inverted
Permo-Carboniferous (half-) grabens have been
described in the westernmost Jura based on the deep
seismic ECORS reflection profiles (Guellec et al.. 1990).
In the western Molasse Basin, especially the Geneva area,
recent work based on seismic data (Gorin et al., 1993;
Signer & Gorin, 1995) highlights the presence of NE-SW
and NW-SE trending Permo-Carboniferous lineaments
which would have been reactivated several times until the
present day. In the eastern Jura, some minor normal
faults have been identified at the border between thrust
nucleation and inherited structures e.g., Paleozoic graben
system or Oligocene N-S oriented normal faults related
to the Rhine-Bresse graben system (Laubscher, 1985;
1986; Naef & Diebold, 1990; Noack, 1995). Total short-



ening within the Jura cover, however, is in excess of
25 km and cannot be explained with the weak shortening
associated with all these apparently late (Pliocene?) inver-
sion structures. Seismic data interpreted in this work do
not present any positive evidence for inversion of Permo-
Carboniferous grabens or for thrust fault nucleation
related to inhomogeneities in the basement.

North-south oriented tear faults in the North Alpine
foreland are interpreted by many authors as inherited
features related to the Oligocene opening of the Rhine-
Bresse Graben system (Elmohandes, 1981; Illies, 1981;
Laubscher, 1973a, 1992; Bergerat, 1987). During
Miocene folding and thrusting of the Jura, preexisting
faults and joints represented major anisotropies within
the Mesozoic cover. They were reactivated during and
after folding and played an important role in localizing
bends and discontinuities in folds during shortening. The
N--§ strike of preexisting faults and joints thereby react-
ivated sinistral transcurrent deformation, compatible
with the overall N-to-NW-directed Alpine push (Laub-
scher. 1972). However, seismic lines in the central Jura
do not support, in general, arguments in favor or against
inherited faults.

A common feature of foreland fold-and-thrust belts
(e.g., Melville Island, Appalachian Plateau, Alberta and
British Columbia Rocky Mountains) is the presence of
a weak basal décollement surface or zone (salt, other
evaporites or shales), which dips towards the hinterland
and below which relatively little deformation occurs
(Chapple. 1978; Davis & Engelder, 1985). Many fold-
and-thrust belts around the world have developed above
a weak basal layer. A comparison of these belts has
allowed some authors e.g., Bally et al., (1966), Davis and
Engelder (1985; 1987) to characterize these com-
pressional terranes as broad belts with a low-angle cross-
sectional taper, laterally continuous symmetric folds,
broad synclines, anticlinal salt flow and forward- as well
as backward-verging folds and thrusts.

The critical taper is the cross-sectional wedge profile
maintained when an entire thrust belt is on the verge
of horizontal compressive failure. The magnitude of the
angle between surface topography and the décollement
surface of the critical taper is governed by the relative
magnitudes of the frictional resistance along the base and
the compressive strength of the wedge material (Dahlen,
1990). The critical angle is therefore the sum of the angles
of the décollement dip, which is towards the hinterland,
and the topographic slope towards the foreland (Chap-
ple. 1978; Davis & Engelder, 1985; Dahlen, 1990). Fore-
land fold-and-thrust belts riding above salt décollements
typically have extremely low critical taper angles of less
than 1 (Dahlen et al., 1984; Davis & Engelder, 1985;
1987) and in these cases topographic slopes may be vir-
tually absent. In such a low angle taper, internal defor-
mation of the wedge may take place by symmetric
foreland- or hinterland-vergent thrusts. Thisis in contrast
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to higher angle tapers (commonly in excess of 8 ), where
a predominance of shallow foreland vergent thrusts is
both predicted and observed (Davis & Engelder, 1985;
Dahlen, 1990). Recently Philippe (1995), and Phillipe et
al., (1996) calculated a critical taper angle of 3.4" for the
Jura fold-and-thrust belt, based on an angle of 1.6 for
the topography and 1.8 for the basement. This is in good
agreement with results herein, since an angle of 1-2" for
the basal décollement is observed on the top of basement
map from the central Jura (Fig. 20). In the southwestern
area of the Jura belt evaporites lack, therefore, the critical
taper increases considerably and thrust sheets are piled
up on each other (Philippe et al., 1996). However, the
topographic slope, when considered from the toe of the
Jura to the crest of the Alps, does show a conspicuous
hinter land-dipping portion located at the transition from
the Jura to the Molasse Basin (Fig. 3). This hinterland-
dipping slope can be explained by the important Plio-
Pleistocene erosion as well as glacial erosion during Ple-
istocene time in the Molasse Basin. Deformation to the
southeast of this line is considerably less than in the Jura
itself, apparently in contradiction with a simple foreland
fold-and-thrust belt wedge model which would predict
increasing deformation intensity from forcland to hin-
terland. Perhaps the most outstanding feature of the Jura
arc is its position at the outward rather than the inward
side of the foreland basin, which is directly related to the
Triassic evaporite distribution.

Jura folding and thrusting is younger than late Middle
Miocene (Laubscher, 1987; Bolliger et al., 1993; Kilin,
1993), since Serravallian lacustrine Molasse series are
clearly involved in folding and thrusting. Locally,
however, some intra-Molasse unconformities and fault-
scarp breccias indicate earlier syn-depositional tectonics
which seem to be more pronounced at the southwestern
end (Deville et al., 1994) of the Jura than in central and
eastern parts. No unconformities other than the basal
foredeep unconformity could be detected on seismic lines
from the central Jura, and Molassc Basin. Molasse
internal structures are poorly imaged on the presently
available seismic lines, however. The deformation of the
Jura cover halted subsidence of the Molasse basin and
controlled its uplift.

In conclusion, the interpretation of more than 1500 km
of seismic reflection lines across all tectonic units of the
Jura and Molasse Basin has not revealed any obvious
examples where cover structures can be related to observ-
able, reliable deformation in the underlying basement.
No deformation features are observed in the basement.
Instead the overlying Triassic Unit 2 layers are deformed,
showing mainly evaporite swells. Any irregularities which
might exist in the top of the basement are small compared
with the thickness of Triassic Unit 2. This leads to the
conclusion that the Jura and Molasse Basin cover has
been deformed over a main décollement zone located
in Triassic Unit 2. This conclusion corresponds to the



‘Fernschub theory” formulated by Buxtorf (1916). Never-
theless the link between the Jura fold-and-thrust belt and
the Alps chain remains debatable (Fig. 4). Authors have
proposed various hypotheses based on field work, fission-
track data, balancing concepts and recently refraction or
reflection seismic data; see reviews by Burkhard (1990)
and Laubscher (1992). One hypothesis connects the Jura
basal thrust to the basal Helvetic thrust and implies that
uplift of the external crystalline massifs would post-date
the Jura thrusting (Laubscher, 1973b). The internal
deformation within the external crystalline massifs would
be explained by vertically extending pure shear (Marquer,
1990) or by differential isostatic uplift (Neugebauer et al.,
1980). Another hypothesis, first expressed by Boyer and
Elliott (1982), states that the Jura basal thrust continues
beneath the Molasse Basin and then roots in the frontal
part of the external crystalline massifs and uplift of the
latter is coeval with folding and thrusting deformation in
the Jura. This hypothesis is the most widely accepted
today.
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